Studies of the inactivation of a gene encoding pyruvate decarboxylase, pdc, in an ethanol-producing bacterium, Zymomonas mobilis, identified a mutant strain with 50% reduced PDC activity. To evaluate the possibility of a carbon-flux shift from an ethanol pathway toward higher value fermentation products, including pyruvate, succinate, and lactate, fermentation studies were carried out. Despite attempts to silence pdc expression in the wild-type strain ZM4 using cat-inserted pdc and pdc-deleted homologs by electroporation, the strain isolated showed partial gene activation. Fermentation experiments with the PDC mutant strain showed that the reduced expression level of PDC activity resulted in decreased rates of substrate uptake and ethanol production, together with increased pyruvate accumulation of 2.5 g l-
Introduction
There is current interest in the facultative anaerobic bacterium, Zymomonas mobilis, not only for ethanol production from lignocellulosic materials, but also for its potential for production of higher value chemicals [7, 12, 13, 16, 17, 18] . This results from its higher specific rates of sugar uptake, ethanol production and lower biomass yields when compared to yeasts or other ethanologenic bacteria [4, 19, 26] . Furthermore, the successful genetic engineering of Z. mobilis has become more feasible following characterization of its DNA restriction and modification system [10] , its improved genome annotation [28] and genome-scale in silico analysis [12, 27] based on the earlier publication of the genome of Z. mobilis ZM4 by Seo et al. [22] .
Pyruvate, succinic and lactic acids are potential target chemicals that might be produced via the successful metabolic engineering of Z. mobilis, as they are industrially important intermediates in the food, pharmaceutical and plastics industries. Wild-type strains of Z. mobilis produce very small amounts of these organic acids [9, 29] as glucose taken up via the Entner-Doudoroff (ED) pathway, or xylose metabolized via a modified pentose phosphate pathway, is usually rapidly and efficiently converted into ethanol.
Pyruvate decarboxylase (PDC) is a member of a large family of enzymes that catalyze the decarboxylation of pyruvate producing CO2 and acetaldehyde. The latter is subsequently reduced by alcohol dehydrogenase to ethanol as the major end product of Z. mobilis fermentation [2] . It comprises upto 4-6% of soluble cell protein in Z. mobilis [15] and influences upto 95% of the carbon metabolites through its activity.
Other authors have reported on high expression level of pyruvate decarboxylase (PDC) in Z. mobilis as well as its high substrate affinity for pyruvate [2] . Through the reduced PDC activity in this ethanologen, it may be possible to redirect significant carbon flux from ethanol and towards several higher value metabolites.
Here, we report the growth characteristics of such mutant strains with modified PDC activities on Z. mobilis, including its effect on ethanol production and related fermentation products.
Materials and Methods

Microbial strains and plasmids
The bacterial strains used were Zymomonas mobilis ZM4 (ATCC31821), E. coli strain BL21 (DE3) pLysS (Invitrogen) and JM109. Z. mobilis cultures were incubated at 30 o C in RM medium [5] without shaking. When appropriate, chloramphenicol and/or tetracycline were added at 100 μg ml 
Strain constructions
Genomic DNA was isolated from Z. mobilis cultures using a Puregene ® genomic DNA isolation kit (Qiagen, USA).
In the first method for inactivation of PDC expression in Z. mobilis, insertional inactivation of pdc was carried out by introduction of the gene encoding chloramphenicol acetyltransferase (cat) via homologous recombination. PCR primers used for the cloning of pdc were pdcF (5' ATGAGTT-ATACTGTCGGTAC 3') and pdcR (5' CTAGAGGAGCTTGT-TAACAG 3'). PCR primers used for cat cloning were catFncoI (5'CCATGGTTGCTTTCGAATTTCTGCCATTC3') and catRncoI (5'CCATGGTGACGGAAGATCACTTCGCAG 3') with NcoI restriction recognition sequence included at the 5' ends of the each primer. In this procedure, an 1,800 base pair (bp) fragment of pdc was isolated from the chromosome of Z. mobilis ZM4 by PCR using the pdcF and pdcR primers.
The PCR product was cloned into pGEM Consequently in the constructed plasmid, pNSW813, the marker cat gene was substituted with pdc and was linked to a 1 kb pdc homologous flanking region.
Electroporation was performed according to methods described by Kerr et al. [10] to disrupt pdc with these two suicide vectors. DNA manipulation techniques were performed as described by Sambrook et al. [20] .
Confirmation for pdc gene inactivation
Recombinant colonies isolated after electroporation were subsequently purified three times on RM plates containing 100 μg chloramphenicol ml 
Calculation of kinetic parameters
The maximum specific growth rates were calculated from the exponential phase. The maximum specific glucose uptake rates (qs max,glucose) and maximum specific ethanol production rates (qpmax,) were calculated over the exponential phase of growth and based on the following formulae: 
Results
Strain construction for PDC inactivation Insertion inactivation
The DNA of pNSW812 was transferred into ZM4 via electroporation to facilitate a homologous recombination event between the homologous regions in pNSW812 and its complementary region in the ZM4 genome. The construction strategy is shown in Fig. 1(A) and the strain isolated with this strategy was designated as ZM4812. Chloramphenicol resistant colonies were selected on RM agar plates containing 100 μg choramphenicol ml from the selected strains and from ZM4 as a control was carried out to determine whether or not successful gene inactivation had occurred. For confirmation, PCR analysis was carried out using a primer set of pdcUPGR and pdcDWGR which targeted the outside homologous region on the genome of ZM4812 which was not present in the pNSW812
vector. The genotyping experiment identified a DNA fragment of approximately 1.8 kb in size in the parent strain ZM4, while in ZM4812 an additional band of 2.9 kb was present (see lanes 2-4 for ZM4812-1, 2, and -3 in Fig. 1(B) ).
DNA sequencing analysis was carried out with the two PCR products derived from the constructed strain. The results indicated that cat was present in the 2.9 kb DNA band as expected. The confirmed that successful insertion of the marker cat from pNSW812 had occurred via homologous recombination into the native pdc of the ZM4 genome.
Unexpectedly however, a copy of an intact pdc gene, identified for the 1.8 kb fragment, still remained in ZM4812 (see Fig. 1 (B) ). The sequence of this residual pdc in ZM44812 was compared with the previously reported pdc sequence for ZM4 [22] , and its sequence similarity at nucleotide level was 100% to that for ZM4.
Deletion inactivation
The strategy for deletion inactivation is shown in Fig. 2A . The DNA of pNSW813 was transferred into ZM4 with a similar manner for ZM4812 and form this experiment the strains of ZM4813-1 and -2 were isolated. Genotypic analysis for the knockout strains was carried out with a primer set of pdc5cForand pdc6cRev. For the chloramphenicol resistant colonies derived from letter strategy, the same procedure was followed for their genotype confirmation using a primer setpdc5cFor and pdc6cRev. A PCR product of approximately Values are averages from duplicate experiments for both ZM4812, ZM4813 and the wild type strain ZM4. The results from the kinetic analysis of ZM4813 were very similar to those for ZM4812.
3.8 kb in size appeared in the parent strain ZM4 (Fig. 2B,  lane 2) , while ZM4813 also similar results as appeared in ZM4812 were found, two bands with sizes of approximately 3.8 kb and 3.1 kb, respectively were observed (Fig. 2B) . Similar results to those for ZM4812 were found with both a deleted pdc and an intact pdc present in ZM4813. The sequence of this extant pdc in ZM4813 was compared with the native pdc sequence for ZM4 and 100% similariy at nucleotide levels was confirmed . and the wild-type pdc gene (Fig. 2B, lane 3 and 4, upper band, 3.8 kb) . The results were similar to those for ZM4812 showing both a deleted pdc and another copy of intact pdc in the genome.
As a further investigation, we attemped to inactivate the existing intact pdc in ZM4813 by introducing another homologues this time containing a tetracycline resistance gene as the selection maker. However, no transformants expression both tetracycline and chloramphenicol resistance were found following repeated attempts.
Inactivation of the second intact pdc gene present in strain ZM4813was also attempted by introducing another pdc homolog. However, no transformants were generated.
Pyruvate decarboxylase (PDC) activity on the constructed strains
As genotype analyses for the mutant strains showed inactivation of pdc in both ZM4812 and ZM4813, their PDC activities were determined for comparison with that of the parent ZM4 strain. As shown in Fig. 3 , the specific PDC activities of both ZM4812 and ZM4813 were both approximately 50% less than that of ZM4, with values of 1.1 and 1.2 U mg total protein -1 compared to 2.1 U mg total protein -1 for the parent strain. The partial PDC inactivation was maintained by the presence of 100 μg chloramphenicol ml Kinetic analyses of the fermentation results were performed for both strains and the results are summarized in Table 1 . Lower biomass yield and lower specific rates of A similar profile to the latter was found for ZM4813.
growth, glucose uptake and ethanol production were evident for both of the mutants constructed. Ethanol yields were similar, indicating that despite the reduced specific rates, only minimal redirection of metabolism had resulted from a 50% reduction in PDC activity.
Discussion
Despite numerous attempts, no strains were isolated in which complete pdc inactivation occurred and this may be a consequence of the energetic imbalance which would then exist in such strains. During the normal metabolism of Z. mobilis for the conversion of glucose to ethanol via the Enter-Doudoroff pathway, there is a net gain of 1 mole of ATP per mole of glucose metabolised, as well as reduction of 1 mole of each of NAD (P) [1] . These latter would normally be reoxidized in Z. mobilis by reduction of the acetaldehyde formed after decarboxylation of pyruvate to form 2 moles each of ethanol and carbon dioxide per mole of glucose. In the absence of any PDC activity in Z. mobilis, the reduction of pyruvate to acetaldehyde could not occur thereby preventing the reoxidation of NADH. Under these conditions such strains would be unable to grow [25] .
In the present study, strains were isolated following insertion-and deletion-inactivation of pdc which had approximately 50% of their usual PDC activity. One possibility is the presence of multiple copies of pdc in the genome of Z. mobilis ZM4. However, this was not found in the earlier analysis of the sequence data of the chromosomal DNA by Seo et al. [22] . In previous studies on yeasts as reported by Schmitt and Zimmermann [21] it was found that a pdc gene inactivated strain of S. cerevisiae could maintain partial PDC activity due to the presence of a second structural gene. Other authors have proposed possible mechanisms for gene duplication in various microorganisms [3, 6, 14, 30,] . The occurrence of gene duplication has been focused in the genomes of a number of bacteria, archaea and eukaryotes, and in some cases of significant number of genes have been generated by gene duplication: for example, in M. pneumonia and H. influenza in bacteria, A. flugidus in archaea, and S. crevisiae, C. elegans, D. melanogaster in eukaryotes. The most obvious contribution of gene duplication to evolution is in providing additional genetic material following mutation or drift, and in compensating for specific gene knockout or knockdowns in the various microorganism [30] . Therefore, the present results would suggest an adaptive mechanism in Z. mobilis whereby pdc inactivation has only partially occurred in ZM4812 and ZM4813. As evident from the PCR analyses, both inactivated and complete pdc genes are present in the above strains, and without the latter, the cells would be unable to generate sufficient energy for cell growth. PDC enzyme activities were markedly decreased in both ZM4812 and ZM4813, although in the absent of selection pressure (100 μg chloramphenicol ml -1 ), the PDC activities returned to normal levels after approximately 24 generations with no selection pressure to retain inactivated pdc.
The present study provides an interesting insight into the metabolism of Z. mobilis with its higher ethanol yields and specific ethanol production rates compared to the traditional fermentation yeasts. As the potential exists for the redirection of metabolism in Z. mobilis from pyruvate to higher value fermentation products, both gene insertion-inactivation and gene-deletion strategies have been used in the present study to influence PDC activity. From the fermentation data with the resultant strains, it was evident that increased pyruvate accumulation occurred, although the effect was transitional and final ethanol concentrations were similar to those for the parent strain. The strain with trace amounts of lactate and succinate accumulation implicated that other enzymes such as pyruvate dehydrogenase (PDH) and lactate dehydrogenase and enzymes involved in production of succinic acid might serve as metabolic bottlenecks for their end-product production, and these enzyme may need to be heterologously expressed to increase the level of these higher value products.
